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Abstract 
 The MESSENGER mission sought to discover what physical processes determined 
Mercury’s high metal to silicate ratio. Instead, the mission has discovered multiple anomalous 
characteristics about our innermost planet. The lack of FeO and the reduced oxidation state of 
Mercury’s crust and mantle are more extreme than nearly all other known materials in the solar 
system. In contrast, moderately volatile elements are present in abundances comparable to the 
other terrestrial planets. No single process during Mercury’s formation is able to explain all of 
these observations. Here, we review the current ideas for the origin of Mercury’s unique features. 
Gaps in understanding the innermost regions of the solar nebula limit testing different 
hypotheses. Even so, all proposed models are incomplete and need further development in order 
to unravel Mercury’s remaining secrets.  
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18.1  Introduction 
  
 The MESSENGER mission to Mercury was driven by several scientific goals. A principal 
question was “What planetary formational processes led to Mercury’s high ratio of metal to 
silicate” (Solomon et al., 2001, 2007; Chapter 1). This ratio is the prime anomaly for Mercury 
relative to other planetary bodies, but by no means the only one. In this chapter, we review 
Mercury’s anomalous chemistry in the context of astrophysical disk processes and planet 
formation as currently understood. We examine previous and current hypotheses for Mercury’s 
origin in light of the new data from MESSENGER. Finally, we discuss the potential for 
Mercury-like planets in the rapidly emerging catalog of extrasolar planetary systems. A 
discussion of the evolution of Mercury as a planet, focusing on processes occurring after many or 
all of its anomalous properties were established, is given in Chapter 19. 
 
18.2 How anomalous is Mercury? 
 By far the smallest terrestrial planet, Mercury is about half the mass of Mars. Mercury is also 
locked in a 3:2 spin–orbit resonance with the Sun. These factors may have affected Mercury’s 
collisional environment (Chapter 9). Here, we focus on data returned by the MESSENGER 
mission that may provide insights into Mercury’s formation. A surprising result from the 
MESSENGER mission is that Mercury’s large ratio of metal to silicate is not accompanied by 
extreme depletions in volatile elements compared with the other terrestrial planets. The planet’s 
mantle is much more chemically reduced, and less S-depleted, than Earth’s mantle, and also 
compared with carbonaceous chondrite meteorites, the usual Solar System standard. These 
MESSENGER findings have stimulated many experimental studies bearing on the possible S and 
Si abundances in Mercury’s large core. We begin by summarizing the evidence returned by the 
MESSENGER mission in the context of chemical anomalies. 
 
18.2.1 Density 
 It has long been known that Mercury’s zero-pressure, or uncompressed, density is 
significantly greater than that of Earth – 5000 versus 4400 kg/m3 according to Urey (1950), and 
5300 versus 4100 kg/m
3
 according to Mahoney (2014) – and greater than the grain density of 
most meteorite parent bodies (Figure 18.1). It can be assumed that Mercury’s density is 
attributable to a high abundance of iron and heavy, siderophile (iron-loving) elements, relative to 
silicon, magnesium, and other lithophile (rock-loving) elements. Upon planetary differentiation, 
the siderophile elements accompany iron that sinks to form the planetary core, and the lithophile 
elements form the mantle (Righter, 2003). Given that Mercury differentiated in the same manner 
as other planets, it is, therefore, the core/mantle mass ratio that is anomalous. The metal/silicate 
or Fe/Si ratios of primitive meteorites may be considered reference points for processes that led 
to Mercury’s high density (Chapter 2). 
 In 1988, Chapman noted that the origin of Mercury was “the least well-understood topic” in 
the compendium of Mercury knowledge (Chapman, 1988). He divided solutions to Mercury’s 
metal-rich composition into two categories. Either the composition reflects primordial radial 
gradients of “orderly” chemical fractionation and dynamic processes, or it results from “chaotic” 
evolutionary processes that catastrophically overprinted primordial signatures (Wetherill, 1994). 
Indeed, the relative roles of such processes have implications for the origin of all the planets in 
this and other planetary systems. 
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Figure 18.1. Mean grain densities of chondrites and achondrites and zero-pressure densities of 
planets (squares), bulk Fe/Si mass ratios (circles), and bulk S/Si mass ratios (multiplied by 10, 
triangles). Grain density is the bulk material density in the absence of porosity. Mercury values 
are calculated as described in the text, showing ranges (vertical bars) for Fe/Si and S/Si for cases 
A and B, as marked. Density data are from Macke (2012, meteorites) and Lodders and Fegley 
(1998, planets). Fe/Si data are from Wasson and Kallemeyn (1988): CM, CO, CV, EH, EL, LL, 
L, H; Jarosewich (1990): CB; Lodders (2003): solar photosphere; Lodders et al. (2009): CI; 
Lodders and Fegley (1998): CR, CH, CK, Earth, aubrites, acapulcoites, Venus, Mars. 
 
 The CI chondrite meteorites contain most non-volatile elements in ratios (relative to Si or Mg) 
nearly identical to those measured by spectroscopy in the solar photosphere, which is thought to 
represent the bulk composition of the Solar System (Lodders, 2003; Lodders et al., 2009; Sneden 
et al., 2009). Approximately chondritic ratios of the major rock-forming elements (Si, Mg, Fe, S, 
Ca, Al, and Ni) characterize Venus, Earth, and Mars (Righter et al., 2006). A rough calculation 
shows that if Mercury were once a differentiated planet with near-chondritic bulk chemistry it 
must have lost a substantial mass of silicate mantle to yield its present density. The thickness of a 
shell of such additional silicate would be ~1480 km to yield a present Mercury radius of 2440 
km with 74% of its mass in a metallic, Si-free core. An initially chondritic Mercury would have 
been about 530 km larger in radius than Mars (3389.5 km mean radius) prior to stripping ~64% 
of its mass, all from its mantle. Alternatively, Mercury was never chondritic in major elements 
and owes its anomalous density to as yet unknown nebular fractionation processes. 
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18.2.2 FeO-free silicates 
 The second major chemical anomaly for Mercury is the planet’s extremely reduced nature. 
Here, we compare Mercury to the oxidation/reduction, or redox, state of other Solar System 
bodies and materials. Earth-based astronomical measurements of Mercury’s spectral reflectance 
have long indicated a very low FeO content in surface silicates (Vilas, 1988; Sprague and Roush, 
1998; Robinson and Taylor, 2001; Warell and Blewett, 2004). Microwave emissivity 
measurements (Mitchell and de Pater, 1994) precluded the possibility of widespread reduction to 
iron nanophases by space weathering (Domingue et al., 2014). The MESSENGER mission has 
confirmed the extreme depletion of Fe in any form on Mercury’s surface and also in material 
excavated from depth (Murchie et al., 2015; Chapter 8). Indeed, the common crustal minerals 
olivine, pyroxene, and feldspar lack sufficient Fe
2+
 to yield spectral features, indicating that Fe is 
present in reduced form as metal or sulfides (Klima et al., 2013; Izenberg et al., 2014; Chapter 
8). Calcium in most terrestrial and extraterrestrial rocks forms oxides, but a positive correlation 
between Ca and S in the measurements by MESSENGER’s X-Ray Spectrometer (XRS) suggest 
the occurrence of CaS (oldhamite) on Mercury’s surface (Weider et al., 2012). 
 The chemical availability of oxygen, known as oxygen fugacity f(O2), is commonly described 
on a logarithmic scale relative to the f(O2) of a standard equilibrium reaction buffer, e.g., 
between iron metal and wüstite (~FeO), which is denoted by IW (Figure 18.2). As f(O2) 
decreases in an otherwise closed chemical system, more Si can dissolve into molten or solid Fe-
rich metal, and more S can dissolve in silicate melts. From a variety of criteria based primarily 
on experimental metal-silicate partitioning and the MESSENGER XRS measurements of surface 
sulfur and iron abundances (Nittler et al., 2011), McCubbin et al. (2012) determined that the 
oxygen fugacity of Mercury’s interior lies between a low of IW-6.3 and a high of IW-2.6, that is, 
10
-2.6
 to 10
-6.3
 below IW.  The high end of this range is an extremely generous upper limit (cf., 
Zolotov et al., 2013). The results from MESSENGER also stimulated other experiments that led 
to similar findings. Namur et al. (2016) parameterized S and metal solubility in magma 
compositions representative of mercurian lavas, and given mantle/core equilibrium they 
calculated f(O2) = IW-5.40.4 (10
-5.0
 to 10
-5.8
 below IW; Figure 8.2). Earth, on the other hand, 
was not as reduced during its accretion (e.g., Frost et al., 2008), and modern mid-ocean ridge 
basalts record upper mantle f(O2) at 10
2
 above IW (IW+2), near the quartz-fayalite-magnetite 
(QFM) buffer (Cottrell and Kelley, 2011; Fig. 8.2). The mantle source of venusian lavas is 
inferred to have fO2 similar to the Earth’s upper mantle (Wadhwa, 2008). 
 The known or inferred f(O2) values for a broad range of Solar System materials are 
summarized in Figure 18.2. Mercury is the most reduced planet and more reduced than all 
measured early Solar System materials except, possibly, the enstatite chondrite and enstatite 
achondrite meteorites (aubrites) and a small class of Ca-, Al-rich inclusions (CAIs) in some 
chondritic meteorites (Figure 18.2; Beckett, 1986). Recent geochemical thermodynamic 
modeling suggests that as Earth and Mars accreted, their oxidation states progressively increased 
(Righter et al., 2008; Wood et al., 2009; Rubie et al., 2015; Badro et al., 2015; Righter et al., 
2016). Earth’s lower mantle, Mars, and Vesta (represented by diogenite meteorites) all record 
mantle f(O2) near the iron-wüstite buffer curve (Figure 18.2) (Ghosal et al., 1998; Wadhwa, 
2001; Frost et al., 2008; Szymanski et al., 2010; Tuff et al., 2013). The FeO content of silicates 
and the Si content of metals are proxies for the f(O2) during their formation. The silicates in 
pallasite meteorites record f(O2) similar to that in Earth’s lower mantle (Figure 18.2), with 
olivine, (Mg,Fe)2SiO4, ranging from 10 to 20 mol% Fe2SiO4 (11–19 wt% FeO) (Righter et al., 
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1990) and very low Si in metal. The most Si-rich iron meteorite, Horse Creek, contains 2.5 wt% 
Si in metal (Buchwald, 1975). Thus the meteorites that represent cores or lower mantles of early 
differentiated planetesimals all record higher f(O2) than Mercury. 
 
 
Figure 18.2. Intrinsic oxygen fugacity (fO2) for selected meteorites (Brett and Sato, 1984: LL3, 
H4, EL6 chondrites; Hewins and Ulmer, 1984: mesosiderites MS, diogenites DIO; Righter et al., 
1990: pallasites PAL) and during condensation of possible early disk vapors (solar composition 
and solar composition enriched in CI dust by factors of 500 and 1000), all at 100 Pa (10
-3
 bar) 
total pressure (Ebel and Grossman, 2000). Buffer curves are for quartz-fayalite-magnetite 
(QFM), iron-wüstite (Fe-FeO, IW), and IW-6.2, which coincides with the calculated solar 
condensation curve. Condensation curves are nearly independent of the total pressure of the 
calculation (Ebel and Grossman, 2000). Results from the low-fO2 experiments of Beckett (1986) 
are denoted by solid diamonds. The band shows the range (IW-5.4±0.4) of fO2 estimated by 
Namur et al. (2016) for mantle source regions of >75% of mercurian lavas, on the basis of 
experiments. 
 
 The intrinsic f(O2), inferred from thermodynamic analysis of measured mineral compositions, 
has been calculated for some chondrite classes. The intrinsic f(O2) measured for the ordinary 
chondrites least equilibrated on their parent bodies (LL3, H4) range as low as IW-1; however, 
the equilibrated enstatite chondrite Hvittis (EL6) reaches IW-3 (Figure 18.2; Brett and Sato, 
1984). The reduced, metal-rich CH and CB chondrites contain primarily <5 wt% FeO in olivine 
(Weisberg et al., 2001), and the CH chondrites contain metal grains, a very few of which reach 8 
wt% Si (Weisberg et al., 1988). The enstatite achondrites (aubrites) are similar to the enstatite 
chondrites in their degree of reduction; for example, Mount Egerton contains 2.1 wt% Si in 
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kamacite metal (Wasson and Wai, 1970). A new subgroup of metal-rich chondrites has recently 
been described, with ~22 vol% metal and nearly FeO-free silicates (Weisberg et al., 2015). The 
equilibrated enstatite chondrites contain ubiquitous Si-bearing metal (~3.2 wt% in EH4-5, ~1.6 
wt% in EL6), no olivine, and <0.9 wt% FeO in enstatite (Keil, 1968; Weisberg and Kimura, 
2012, their Fig. 5). The higher Si content of metal in equilibrated EH chondrites indicates that 
they are more chemically reduced than the EL6 chondrites. Of all the rocky bodies in the Solar 
System, only some enstatite chondrites and Mercury approach the low f(O2) of a vapor of solar 
composition that condenses solids along a buffer curve of IW-6.2 (Ebel and Grossman, 2000). 
 Vigarano-like carbonaceous (CV) chondrites contain once-melted (igneous) CAIs that 
crystallized Al-, Ti-rich calcic pyroxene (fassaite) containing Ti
3+
 (Simon et al., 2007). 
Experiments by Beckett (1986) constrained the stability conditions of such pyroxenes in CAI-
like melts to log10 f(O2) ~ IW-8 at temperature T in the range 1470 K < T < 1540 K (Figure 18.2). 
The substantial Ti
3+
 in these pyroxenes indicates highly reduced crystallization conditions in 
their parental melts, which also record the oldest radiometric ages of all Solar System materials 
(Russell et al., 2006). These CAIs are thought to have formed near the Sun, in highly reducing 
environments, and then been dynamically transported outward to accrete with more oxidized 
chondritic material (e.g., Krot et al., 2009; Brownlee, 2014). The host CV chondrites for these 
rare pyroxene-rich igneous CAIs are younger and not especially reduced, and it is only the CAIs 
in these meteorites that record such low f(O2). These CAIs offer tantalizing evidence that local 
regions in the earliest nebula were highly reduced. 
 In summary, there exist reservoirs of undifferentiated early Solar System material that record 
highly reduced conditions during formation and accretion of solids in the early nebula. A 
preponderance of evidence indicates that these materials formed by gradual, orderly processes. 
The vast majority of sampled materials, however, record much more oxidizing conditions of 
formation, accretion, and differentiation than does Mercury. 
 
18.2.3 Elemental Abundances 
 The primary constraints on Mercury’s formation come from composition information (Lewis, 
1988; Boynton et al., 2007; Chapter 2) and inferred internal structure (Chapter 4). Before 
MESSENGER, our best estimate of Mercury’s bulk composition was largely based on a theory 
of planet formation in which volatility varied with radial distance from the early Sun (Morgan 
and Anders, 1980; Lodders and Fegley, 1998). MESSENGER has changed the equations 
markedly. While the MESSENGER mission has established tighter bounds on Mercury’s 
reduced mantle, it has also shown that Mercury is not anomalous in several important ways. The 
less volatile lithophile elements Si, Ca, Al, and Mg are all broadly chondritic in the crust (Weider 
et al., 2015; Chapter 2). Crustal values must be extrapolated to a bulk planetary composition, as 
is done to establish model bulk compositions for the other terrestrial planets.  
 The elemental ratios in Figures 18.1 and 18.3 are derived from the mean mantle source 
compositions inferred for the source regions of magmas that solidified to form the northern 
smooth plains (NSP) and intercrater plains and heavily cratered terrain (IcP-HCT) and given in 
Chapter 2 (Table 2.2). Two cases are plotted. Case A is consistent with Chapter 2, adding 7 wt% 
S and 2 wt% C (Section 2.6; Namur et al., 2016) to a 340-km-thick mantle shell of the mean NSP 
plus IcP-HCT “mass balance” composition (Table 2.2), with an FeS lower mantle shell of 80 km 
thickness and a 2020-km-radius core with 5% Ni, 1.5% S, 0.5% C, 8 wt% Si, and the remainder 
Fe (Table 2.3; Hauck et al., 2013; Chapter 4). Case B replaces all but 0.01 km of the FeS shell 
with the same mantle as A and sequesters 3 wt% S and only 4 wt% Si in the core. Case B brings 
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the elemental Si/Mg and S/Mg ratios to near EH chondrite levels and also decreases Fe/Mg. This 
calculation may be within the uncertainty regarding (1) the existence of an FeS shell, (2) 
Mercury’s internal thermal profile, (3) the olivine/pyroxene ratio of the mantle source, assumed 
near the low end of the range for lherzolites in Chapter 2. The calculation reveals another 
significant compositional anomaly, the high planetary Si/Mg mass ratio caused even by a 
conservative inference of only 4 wt% Si in the core. However, current estimates of the light 
elements in the core are based on single-stage core formation models under the assumption of 
thermodynamic equilibrium between core and mantle. More complete core formation models 
should reexamine the implications of a high bulk Si/Mg ratio for Mercury. 
 
Figure 18.3. Mass ratios of lithophile elements in the solar photosphere, meteorites, and selected 
planets. Mercury values are calculated as described in the text, showing ranges (vertical bars) for 
Fe/Mg, S/Mg, and Si/Mg for cases A and B, as marked. “Mercury-MA80” and Venus values are 
from Morgan and Anders (1980). Earth and Mars are from Lodders and Fegley (1998; after 
Kargel and Lewis, 1993; and Lodders and Fegley, 1997; respectively). Other data sources are as 
in Figure 18.1. Si/Mg, 2×S/Mg, and 0.5×Fe/Mg (open symbols) refer to the left-hand axis. No 
Cl/Mg ratios for bulk CB, aubrites, or Mercury were calculated. 
 
 Earth, most primitive meteorites, and probably Venus, if not Mars, are all depleted in sulfur 
and other volatile elements relative to the chondritic (CI) reference composition. The average 
surface S/Si mass ratio of Mercury (0.092±0.015, Evans et al., 2012) is comparable to or higher 
than bulk Earth estimates. The volatile element depletion of the bulk Earth (dashed line in Figure 
18.4) is known from the lithophile element abundances in mantle-derived rocks. Earth’s bulk, 
planetary S/Mg atomic ratio is inferred to be ~7% of chondritic (“1” in Figure 18.4), with most S 
page 8 of 37 
thought to be in the core, which is why S plots so far below the dashed line. By contrast, 
experimental and thermodynamic constraints (Namur et al., 2016) indicate that Mercury’s bulk 
S/Mg mass ratio (Figure 18.3) is nearly identical to that of the solar photosphere, the most 
primitive chondrites (CI), and also EH chondrites. 
 
Figure 18.4. Volatile depletion of Solar System reservoirs. Bulk silicate Earth (BSE, large 
circles), LL (diamonds), CO (triangles), CV (squares), CR (asterisks), CM (crosses), and EH 
(small circles) chondrite atomic abundances of selected elements, normalized to Mg (star) and CI 
chondrite (dotted line at a relative atomic abundance of 1) are plotted against the temperature 
T50% at which they are 50% condensed from a vapor of solar composition at 10 Pa (10
-4
 bar) total 
pressure (Lodders, 2003). Earth data are from McDonough (2014); CI chondrite from Lodders et 
al. (2009); CM, CO, CV, EH, LL from Wasson and Kallemeyn (1988); and CR from Lodders 
and Fegley (1998).  Trend lines for bulk silicate Earth (dashed), CV, CM, and EH are estimated. 
In accord with Goldschmidt’s (1937) geochemical classification, bulk silicate Earth’s lithophile, 
chalcophile, and siderophile elements are distinguished by shading. 
 
Mercury’s crustal K/Th and K/U ratios are slightly higher than those of Earth and Mars 
(Peplowski et al., 2011, 2012; Figure 2.3). The ratios of the moderately volatile (T50% ~ 1000 K, 
see Figure 18.4) element K to the highly refractory (T50% > 1600 K) elements Th or U reflect 
differences in the abundances of moderately volatile elements between planetary bodies. These 
elements are all highly incompatible in crystals that remain behind when partial melts rise to 
planetary surfaces, so their ratios are preserved in volcanic rocks that result from mantle melting 
processes. However, if some U and Th were incorporated into the core, which is possible under 
highly reduced conditions, the total mercurian inventory of K may be lower than that inferred 
from surface measurements of K/U and K/Th, under the assumption of chondritic mantle K, U, 
and Th (Malavergne et al., 2010; McCubbin et al., 2012). Furthermore, the crustal Cl/K ratio is 
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close to chondritic (Evans et al., 2015; Chapter 2), as is the crustal Na/Si ratio (Evans et al., 
2012; Peplowski et al., 2014). Overall, Cl and Na appear to be present in near-chondritic 
abundances. Mercury’s abundances of moderately volatile K, Na, and Cl relative to refractory 
Mg are inferred to be most similar to those measured for the EH enstatite chondrites (Figure 
18.4). 
 In summary, Mercury is anomalously enriched in Fe, S, and possibly also Si, relative to the 
other terrestrial planets (Figure 18.3). Its apparent bulk Na and possibly Cl compositions are also 
enriched above chondritic, whereas K is depleted, but less so than for Earth (Figure 18.3). A 
model for Mercury’s origin must elevate Si-rich Fe metal compared with Mg-silicates and retain 
volatile S and Na at near-chondritic values relative to Mg, while maintaining abundance ratios of 
K, Ca, and Al that are similar to those for the other terrestrial planets. A reasonable inference 
from these observations is that the formation processes that led to the depletion of moderately 
volatile elements in planets compared with chondrites were decoupled from the origin of the 
large metal fraction of Mercury. 
 
18.2.4 Surface reflectance 
 The surface reflectance of airless bodies depends upon chemical composition and regolith 
maturity. Mercury has a lower global reflectance than the Moon, but matures at a rate more rapid 
by as much as a factor of 4 (Robinson et al., 2008; Braden and Robinson, 2013; Chapter 8). 
Comparison of immature surfaces indicates that the difference in reflectance is likely due 
primarily to differences in the compositions of their surfaces. Darkening agents on the Moon 
include Fe- and Ti-bearing phases, but Mercury’s surface is depleted in both elements. Low-
reflectance material (LRM) on Mercury is up to 30% lower in reflectance than the global mean, 
but LRM is not enriched in either Fe or Ti, and Fe concentration does not correlate with 
reflectance (Weider et al., 2012, 2014; Murchie et al., 2015). LRM may represent excavated mid 
to lower crustal material (Ernst et al., 2010), so the darkening agent may represent a major 
component of the silicate portion of Mercury.  
 Gamma-Ray Spectrometer (GRS) measurements are consistent with 0 to 4.1 wt% C on 
Mercury’s surface (Peplowski et al., 2015, 2016; Chapter 2). High thermal neutron count rates 
measured by the MESSENGER Neutron Spectrometer (NS) correlate with LRM, consistent with 
LRM C abundances 1–3 wt% greater than in surrounding higher-reflectance material (Peplowski 
et al., 2016). Experiments on materials analogous to Mercury’s mantle indicate that the only 
major mineral that would be buoyant in a Mercury magma ocean would be graphite (Vander 
Kaaden and McCubbin, 2015). Peplowski et al. (2016) inferred that the LRM in particular, and 
the volcanic upper crust generally, samples remnants of an early, graphite-rich flotation crust 
subsequently mixed and modified by impacts and magmatic intrusions and later excavated by 
large craters and/or assimilated into later volcanic magmas (Chapter 6). Attribution of the low 
reflectance of Mercury to elevated elemental carbon is consistent with the high S/Si ratio in 
surface materials. While graphite is a common mineral in enstatite chondrites, those meteorites 
contain only ~10% the C measured in CI chondrites. 
 
18.2.5 Summary 
 The anomalously large Si-bearing Fe core, oxidation state, volatile enrichment, and 
reflectance of Mercury all demand explanation, but they are also clues to Mercury’s formation. 
The Si enrichment of the core follows from the observed oxidation state, which probably also 
controls S distribution in the planet. In the meteorite record there exist rare materials that are 
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similarly iron-rich, or similarly reduced, but not both. The EH enstatite chondrites are reduced; 
enriched in Si relative to Mg, Al, and Ca; and similarly volatile-rich. Although the EH chondrites 
contain Cl and K in high abundance, inferences from MESSENGER data for Mercury may 
represent lower bounds, subject to further experimental partitioning studies (McCubbin et al., 
2012). The low reflectance of Mercury’s surface may be closely related to its reduced chemistry 
if the planet formed with a substantial carbon content, as suggested by MESSENGER 
measurements (Peplowski et al., 2016).   
 
18.3 Planet formation in disks 
 
18.3.1 Theoretical considerations 
 The eighteenth century concept of the solar nebula (Kant, 1755) has evolved into modern 
astrophysical disk theory that treats three main stages of planet formation: (1) mineral dust 
concentrates in the midplane of the solar nebula and accretes to form multi-kilometer-sized 
planetesimals, (2) the largest planetesimals grow in annuli by runaway and preferential accretion 
to the largest bodies (oligarchic growth) to form Moon- to Mars-mass planetary embryos, and (3) 
final terrestrial planets form by energetic, stochastic collisions between embryos driven by 
gravitational interactions (Safronov, 1972; Morbidelli et al., 2012). Stage 1 is poorly understood 
and is thought to be rapid (~10
5
 yr), stage 2 (~10
6
 yr) forms embryos with characteristic spacing, 
with gas dissipating in a few million years, and stage 3 (~10
8
 yr) establishes the final radius, 
mass, and composition of each of the terrestrial planets through violent collisions between 
planetesimals and embryos from disparate solar radii (Chambers, 2004, 2009a). The challenge 
lies in understanding the details of how these processes occurred.  
 The cornerstone for chemical models for planet formation is the chondritic model for 
condensates in the solar nebula. The variations in the volatile compositions of the classes of 
chondritic meteorites are thought to reflect differences in the pressure–temperature conditions of 
equilibration of component solids with the gas in the solar nebula, overprinted with variable 
abundances of volatile ices (Figure 18.4; Davis, 2006). How these conditions varied over time 
with distance from the Sun and height in the disk is not known, but the conditions are probably 
recorded in the oldest, most volatile-rich meteorites, from bodies that did not differentiate into 
cores and mantles (Alexander et al., 2001). These meteorites come from asteroids and were 
accreted from high-temperature, 100–1000-micrometer-size chondrules and Ca-, Al-rich 
inclusions that were once free-floating nebular solids. In the chondrites least altered by water and 
heat on their parent bodies, these objects are surrounded by a fine-grained matrix containing 
presolar, interstellar grains; organic matter; amorphous particles; and other materials (Alexander 
et al., 2007). The physical origin of meteoritic assemblages of chondrules and matrix materials 
remains elusive (e.g., Ebel et al., 2016). Although separation of metal and silicate among 
different components is observable at the millimeter scale, and there is significant variation in 
the metal content of chondrite groups, only one group (CH chondrites) has a metal/silicate ratio 
similar to that of Mercury (Figure 18.3). Understanding the origin of Mercury is significantly 
handicapped by the lack of certainty about the formation of terrestrial planets in general. The 
physics of growth from dust to Mars-mass bodies is particularly poorly constrained. As a result, 
the chemical evolution of the precursor materials of planets cannot be robustly predicted, and 
certainly not as a function of time and solar distance. 
 In the past several years, new ideas have challenged traditional models of the orderly growth 
of planets. For example, planetesimals may rapidly grow into embryos by so-called “pebble 
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accretion.” In this model, the accretion efficiency of centimeter- to sub-meter-sized “pebbles” is 
greatly enhanced by Stokes drag in the atmospheres around growing embryos (Lambrechts and 
Johansen, 2012; Johansen et al., 2014). Calculations of embryo growth by pebble accretion have 
successfully led to systems that resemble the Solar System’s outer planets (e.g., Chambers, 2014; 
Levison et al., 2015a) and the terrestrial planets (Levison et al., 2015b). However, neither the 
physical origin nor the chemical nature of pebbles is constrained because the models require only 
that pebbles are objects with a favorable Stokes number, when the gas-drag stopping time is 
comparable to the time it takes for the pebble to cross the embryo’s region of gravitational 
influence (Hill radius). In most models, pebbles are larger than the mostly sub-millimeter-sized 
chondrules found in meteorites (Friedrich et al., 2015), which would be strongly coupled to the 
gas. Thus the relationship between pebbles and meteorites is currently unknown, and the 
chemical relationship between meteorites and growing embryos in this model is unexplored.  
 Central to the accretion of the terrestrial planets are the motions of the giant planets. The Nice 
model describing the outward migration of the giant planets from an earlier, more compact 
configuration is now a widely accepted basis for scenarios describing the early history of our 
Solar System (e.g., Tsiganis et al., 2005; Levison et al., 2007; Morbidelli et al., 2007; Batygin 
and Brown, 2010). The possibility of inward and outward migration, as proposed in the Grand 
Tack model (Walsh et al., 2011), is still under scrutiny. Competing models, such as pebble 
accretion, offer alternative solutions to the low mass of Mars (Levison et al., 2015b). Giant 
planet migration excites the orbits of bodies in the terrestrial zone, increasing the distribution of 
collisional energy and radial mixing of materials. Importantly, the probability of collisions of 
different energy depends on the overall context for terrestrial planet formation (e.g., Carter et al. 
2015). For example, more destructive collisions are probable when the motion of a giant planet 
excites the orbits of bodies in the terrestrial region. By comparison, collisions generally lead to 
partial accretion during most of planet formation under standard models. 
 Most physical models of planet formation have not been well coupled to chemical models. 
However, recent research provides constraints on the chemical evolution of planets during the 
late stages of planet formation. Abundant evidence, including Earth’s chondritic mantle 
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Ag ratio (Schönbächler et al., 2010), correlated volatile–refractory element pair 
variations (Wänke, 1981), and young U-Pb ages of old feldspars (Albarède, 2009), suggests that 
volatiles must be delivered to Earth late or after the origin of the Moon. Other recent studies, 
however, have argued that Earth must have accreted water and other volatiles earlier in its 
growth history (Halliday, 2013; Dauphas and Morbidelli, 2014). Without a better understanding 
of volatile incorporation into all planets, it is difficult to assess whether the highly reduced state 
of Mercury falls in the expected range of final planets or if it requires an anomalous event that 
altered the chemical evolution of the planet. 
 Perhaps the only commonalities across all terrestrial planet formation models are the initial 
existence of a dust-rich nebula and a terminal period of giant impacts among planetary embryos. 
During the period of giant impacts, substantial chemical modifications of planets are possible 
(Wetherill, 1994; Asphaug, 2010; Stewart and Leinhardt, 2012; Asphaug and Reufer, 2014), 
including highly energetic collisions that could remove mantle material. The likelihood of 
mantle-stripping event(s) on a proto-Mercury can be assessed only in the context of specific 
models for the general process of terrestrial planet formation. However, dynamical studies of 
orbital evolution and merging of bodies leading to terrestrial planet formation (N-body 
simulations) universally exclude the inner region of the disk where Mercury orbits today because 
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calculating the direct gravitational forces between all protoplanets on short orbital timescales is 
computationally expensive and difficult to parallelize. 
 Now that MESSENGER has provided new and important chemical observations, Mercury can 
be used in future studies as a powerful constraint and test of different models for terrestrial planet 
formation. 
 
18.3.2 Observations 
 Protoplanetary disks are rotationally supported structures of gas and dust around young stars 
(Williams and Cieza, 2011; Armitage, 2011). Disks are observed around many T-Tauri type 
stars, actively accreting low-mass (< 3Msun, where Msun is the solar mass) pre-main-sequence 
stars such the young Sun prior to initiation of nuclear fusion (McClure et al., 2013). Statistical 
analyses of populations indicate that protoplanetary disks persist only for a few million years 
(Haisch et al., 2001). Understanding the mechanism of the observed rapid spin down of low-
mass stars to order 10% of the break-up velocity while they are actively but episodically 
accreting mass is a difficult astrophysical problem, since angular momentum transfer into the 
disk must be rapid (Hartmann, 2009). High accretion rates are associated with strong outflows 
(Reipurth and Bally, 2001) and X-ray emission (Feigelson, 2010). Strong and variable magnetic 
fields in such high-energy environments complicate magnetohydrodynamic (MHD) modeling 
(McNally et al., 2013). Yet it is during this stage that planetesimals grow, with chemical 
compositions that may be strongly affected by the local physical environment. If Mercury’s 
anomalous composition results from early chemical–physical processes at solar distances less 
than 0.5 AU, understanding those processes presents an extreme challenge for both astronomical 
observation and astrophysical MHD models. 
 The conditions in the innermost regions of planetary systems have been further complicated 
by observations of extrasolar planetary systems. In some exosystems, the inner regions contain 
substantially more mass than our Solar System (Barnes et al., 2008; Fabrycky et al., 2014). For 
example, Kepler-11 has six known planets less than 5 Earth radii in size all orbiting inside of 0.5 
AU (Figure 18.5; Lissauer et al., 2011). Closely packed inner planetary systems are not 
universal, however, and other systems are more similar to our own, with only one planet having 
an orbit less than 200 days (Fang and Margot, 2012). The bulk densities of close-in exoplanets 
are difficult to measure (Chen and Kipping, 2016). So far, observations are consistent with many 
rocky exoplanets having Earth-like metal core fractions (Dressing and Charbonneau, 2015; Zeng 
et al., 2016). Mass-radius relations for close-in exoplanets (Figure 18.5; Chen and Kipping, 
2016) yield bulk densities exceeding that of Mercury. Future observations should enable better 
calculations of masses and radii for planets very close to their host stars. At this time, the 
abundance of dense, inner members of stable multi-planet systems (e.g., around Kepler-37, 
Barclay et al., 2013) suggests that Mercury analogs are not rare.  
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Figure 18.5. Mass-radius relations of selected low-mass (mass Mp < 10 MEarth), small (radius 
R/REarth<2.5) exoplanets (Chen and Kipping, 2016, their Appendix I) compared with the 
terrestrial planets. Inset shows calculated bulk densities versus Mp/MEarth for the same data set. 
Curves are for Earth-like, Mercury-like, and Ganymede-like planets, and for a metal sphere and 
water-ice sphere (after Wagner et al., 2011). Values for Kepler-37b are from Barclay et al. 
(2013), using their relation (Mp/MEarth = (Rp/REarth)
2.05
 and inferred radius. The tight, nearly linear 
behavior of the relations for the smallest exoplanets is a direct result of model assumptions. 
 
18.4 “Chaotic” models for Mercury’s origin 
 
18.4.1 Modeling collisions 
 Several proposals for Mercury’s origin are variations on removal or separation of material by 
collisions. Because the possible scales of impacts vary from numerous small impactors to a 
single giant impact event, the possible time frame for the origin of Mercury’s mass anomaly 
could span the period from embryo growth to the final stages of planet formation. Until recently, 
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numerical N-body simulations of terrestrial planet formation were based on the assumption that 
collisions between bodies resulted in perfect merging (e.g., Kokubo and Ida, 1996, 1998; 
Raymond et al., 2009). As a result, these studies could not directly address the question of 
removal of silicate material by energetic collisions.  
 Major developments have improved numerical models of compositional evolution during 
planetary accretion. First, new analytic formulations have simplified the calculation of collision 
outcomes (Leinhardt and Stewart, 2011; Genda et al., 2011; Leinhardt et al. 2015). These 
formulations have been partially implemented into N-body simulations (Chambers, 2013; Dwyer 
et al., 2015; Bonsor et al., 2015; Carter et al., 2015; Leinhardt et al., 2015; Quintana et al., 2016). 
In general, the number of collision fragments is limited in order to keep the calculation tractable, 
a restriction that prevents detailed investigation of processes that involve the smallest bodies. 
Only one of these studies explicitly tracked the evolving metal mass fraction of the bodies and 
debris (Carter et al., 2015), and most studies have attempted to investigate compositional 
variations by post-processing the simulation data, although this approach is not robust (Bonsor et 
al., 2015). Carter et al. (2015) focused on growing planetary embryos; this stage did produce 
diversity in metal/silicate mass ratios of embryos and planetesimals, with greater variations in the 
migrating giant planet Grand Tack scenario. However, embryos with metal mass fractions as 
high as Mercury were not produced in the limited number of simulations. 
 Second, N-body simulations with perfect merging after collision have been combined with 
metal–silicate equilibration models to predict the evolution of core and mantle compositions 
during accretion (e.g., Rubie et al., 2015). Such studies can address the redox state of the mantle 
of a growing planet subject to assumptions about the initial composition and chemistry of the 
embryos and planetesimals and how the initial ice/rock ratio varies through the Solar System. 
The evolution of the redox state of accreting planets is very much a topic of debate. In the 
approach of Rubie et al. (2015), variations in oxidation state are primarily controlled by the 
addition of water ice. In alternative approaches that are not fully coupled to accretion simulations 
(e.g., Wood et al., 2006; Badro et al., 2015), the mantle oxidation state evolves primarily from 
changes in the pressure–temperature conditions on the planet rather than from changes in 
accreting material. The development of linked accretion and compositional evolution models 
may be able to address the origin of Mercury’s reduced mantle. 
 Third, our understanding of individual giant impacts is largely guided by studies of the origin 
of the Moon. Over the past several years, the giant impact hypothesis for lunar origin has been 
scrutinized (Asphaug, 2014; Melosh, 2014) because of the conflict between the predicted 
composition of the Moon and observations that the isotopic compositions of Earth and the Moon 
are very similar (Burkhardt, 2014). The canonical model (Canup and Asphaug, 2001; Canup, 
2004, 2008) predicts that most of the lunar material would be derived from the impactor, which 
is expected to have isotopic signatures different from those of the proto-Earth. This conflict 
motivated studies of new styles of giant impacts that predict similar fractions of impactor 
material in Earth and the Moon (Canup, 2012; Ćuk and Stewart, 2012); however, these proposed 
solutions did not fully resolve the similarities and differences in the chemical makeup of Earth 
and the Moon (Elkins-Tanton, 2013; Asphaug, 2014; Melosh, 2014). The latest developments in 
lunar origin studies are predictions of the details of the chemical composition of the Moon due to 
its formation in a circumterrestrial disk (Canup et al., 2015; Lock et al., 2016). These studies find 
that the depletion of volatile elements in the Moon is due to incomplete condensation in the 
circumterrestrial disk rather than thermally driven loss by the energy of the giant impact. This 
result has direct implications for proposed collisional models for the origin of Mercury. 
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18.4.2 A giant impact 
 A longstanding proposal for the origin of Mercury’s large core is stripping of most of the 
planet’s mantle by one or more giant impacts (Smith, 1979; Benz et al., 1988; Cameron et al., 
1988). This scenario typically involves a differentiated proto-Mercury with more than twice the 
present mass that is impacted by a smaller differentiated body with sufficient energy to disperse 
a portion of the silicate mantles of the two bodies. If the colliding bodies had initial core mass 
fractions similar to that of Earth, a single impact must gravitationally disperse about half the total 
mass, primarily the silicates, to achieve Mercury’s current core mass fraction (Benz et al., 1988, 
2007). This class of collisions, called “catastrophic,” is achieved by impact energies equivalent 
to a few to several times the gravitational binding energy of the total mass (Leinhardt and 
Stewart, 2011). Thus, most of the impact energy is converted into thermal energy, and a 
substantial portion of the planet and ejected fragments are transiently vaporized (Benz et al., 
2007). 
 In a catastrophic collision between differentiated bodies, most of the ejecta are derived from 
the silicate layers of the colliding bodies, and most of the metal cores merge to form the new 
core of the largest post-collision body (Marcus et al., 2009, 2010b). The total mass of the largest 
remnant is determined by the self-gravity of a transiently decompressed, hot cloud of (generally 
segregated) metal and silicate debris, and the timescale of re-accretion into a compressed 
planetary structure is several hours. At that point, the planet would have a gravitationally 
separated molten core and silicate mantle. The mantle would have gained sufficient entropy to be 
a liquid to supercritical fluid at the highest pressures and pure vapor at the lowest pressures. At 
the lowest pressures, metal may be miscible in the silicate fluid. Mercury’s thermal state would 
be analogous to that of Earth after the Moon-forming giant impact (e.g., Canup, 2008; Nakajima 
and Stevenson, 2015). 
 While the dynamics of catastrophic impacts are reasonably well understood, the potential for 
chemical changes to the colliding bodies are not. For example, the extent of metal–silicate re-
equilibration is not understood in giant impacts because numerical simulations cannot model the 
small-length-scale processes that would enable greater mixing and chemical equilibration. 
Incomplete metal–silicate equilibration during accretion is inferred for Earth on the basis of the 
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W content of the mantle (Kleine et al., 2004; Rudge et al., 2010; Rizo et al, 2016). From 
dynamical considerations, portions of the cores of the impacting objects directly merge during 
giant impacts (Marcus et al., 2009), and only a portion of the silicate mantle is equilibrated with 
each small impactor (Dahl and Stevenson, 2010; Morishima et al., 2013). Thus, the effects of a 
giant impact on the redox state of Mercury’s mantle and core, and their degree of subsequent 
equilibration, remain unquantified. 
 One of the major questions about the proposed giant impact origin for Mercury is its effect on 
the volatile content of the planet. When MESSENGER determined that the K/Th and K/U ratios 
of Mercury are similar to those of the other terrestrial planets, the giant impact hypothesis was 
rejected as inconsistent with a high-temperature event (Peplowski et al., 2011). At the time, there 
were no quantitative models available to address how moderately volatile elements would be 
affected by a giant impact. As a result, the observed depletion in volatile and moderately volatile 
elements in the Moon (Ringwood and Kesson, 1977) guided inferences about the outcome of 
giant impact events.  
 However, all models of planet formation predict that the terrestrial planets (with the possible 
exception of Mars) experienced a stochastic number of giant impact events during accretion. 
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Thus, if giant impacts substantially depleted moderately volatile element abundances on growing 
planets by removal, one would expect a different magnitude of depletion on each planet. The 
similar K/Th and K/U ratios for terrestrial planets, for which the impact histories must vary 
greatly, imply that giant impacts are not primarily responsible for the magnitude of moderately 
volatile element depletion in planets compared with CI chondrites (Figure 8.4), although detailed 
chemical calculations have not been accomplished to address this process. Giant impacts 
primarily remove bulk mantle silicates without chemical fractionation. Vaporized mantle would 
remain gravitationally bound and would recondense upon planetary cooling (Stewart et al., 2013, 
2016). 
 This inference is supported by recent calculations demonstrating that the depletion of K and 
Na on the Moon compared with Earth is a result of incomplete condensation in the lunar disk 
(Canup et al., 2015; Lock et al., 2016). Hence, the abundance of moderately volatile elements on 
the Moon is different from those of the planets because of the Moon’s origin in a 
circumplanetary disk (Stewart et al., 2016). Instead, Earth’s moderately volatile element 
abundances are a better analog to a post-impact Mercury. 
 After a giant impact, a planet is a mixture of the compositions of the colliding bodies, with the 
portion from each body strongly dependent on the impact geometry and velocity (e.g., Canup, 
2004, 2012; Ćuk and Stewart, 2012; Reufer et al., 2012). Because the post-impact planet is 
defined by self-gravitationally bound material, thermally driven escape is limited to the high-
velocity tail of the Boltzmann distribution and the small mass fraction in the collisionless outer 
regions of the atmosphere. Radiative cooling quickly leads to re-condensation of silicates and 
sulfides from the vapor atmosphere, and thermally driven escape is limited (Stewart et al., 2016). 
At present, a giant impact origin for Mercury does not have a predicted chemical signature, other 
than the motivating observation of an enhanced metal core fraction, with which to test the 
hypothesis. 
 Even in the absence of a chemical test for the giant impact hypothesis, such an origin for 
Mercury is difficult. The principal problem with a single impact hypothesis is the re-accretion of 
debris. The orbits of gravitationally ejected material intersect Mercury’s orbit. Numerical 
simulations that track debris production and re-accretion find that most of the debris is quickly 
re-accreted, which limits the variation in core fraction of growing embryos (Carter et al., 2015).  
 Benz et al. (1988, 2007) proposed that the ejecta could be separated from Mercury if the 
ejected particles were sufficiently small to evolve quickly under non-gravitational forces such as 
Poynting-Robertson drag. Benz et al. (2007) calculated that most of the ejecta would be shock-
heated to vapor and recondense as ~centimeter-sized particles. They calculated the orbital 
evolution of the ejecta and found that about one-third was re-accreted to Mercury in the first 2 
Myr. This timescale is comparable to the half-life of centimeter-sized particles undergoing 
Poynting-Robertson drag into the Sun. Benz et al. (2007) proposed that Mercury could be formed 
by a “super-catastrophic” impact onto proto-Mercury, followed by partial re-accretion of the 
ejecta and substantial loss of ejecta to the Sun. 
 Gladman and Coffey (2009) also considered the dynamics of ejecta from a giant impact onto 
Mercury. They found that the debris field would be optically thick, which limits the role of 
Poynting-Robertson drag. In addition, the debris would collide with itself, further increasing the 
optical thickness and likelihood of re-accretion onto Mercury. 
 Changes in the chemical composition of the ejecta have not been modeled in detail. If the 
ejecta cool sufficiently quickly so that silicates and sulfides recondense faster than the timescale 
of dynamical separation of condensates and gas, then the composition of re-accreting ejecta may 
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be similar to that of the original colliding planets. As mentioned above, the dynamical evolution 
and re-accretion of condensed ejecta have timescales of millions of years (Benz et al., 2007; 
Gladman and Coffey, 2009). Adiabatic expansion and radiative cooling would lead to re-
condensation of silicates and sulfides on much shorter timescales (e.g., days to years). Whereas 
highly volatile elements may remain in the gas phase in orbit around the Sun, the condensed 
ejecta should have compositions similar to the silicate layers of the source planets. 
 Ejecta may also be accreted onto other planets or planetary embryos. If some other nearby 
planet had a larger mass than Mercury, a majority of ejecta could be accreted to that body. Such 
a scenario has motivated a variation of the giant impact hypothesis for Mercury in which proto-
Mercury is the smaller body in a so-called “hit-and-run” event. 
 
18.4.3 A hit-and-run impact 
 Agnor and Asphaug (2004) first realized that a large fraction of collisions between similarly 
sized bodies do not lead to mergers. During the giant impact stage (3), about one-third of 
collisions between planetary embryos are hit-and-run events where the two bodies obliquely 
collide and then gravitationally separate (Stewart and Leinhardt, 2012). In most cases, the two 
bodies collide and merge in a subsequent encounter (Kokubo and Genda, 2010; Carter et al., 
2015). However, it is possible for a planetary embryo to be scattered to the inner edge of the 
terrestrial accretion zone and survive to the end of accretion (Hansen, 2009). 
 In a hit-and-run encounter, the smaller body may be catastrophically disrupted (Asphaug et 
al., 2006; Asphaug, 2010; Leinhardt and Stewart, 2011). Sarid et al. (2014) and Asphaug and 
Reufer (2014) proposed that proto-Mercury was the smaller body. Stripping the mantle of the 
smaller body requires a less energetic collision – or multiple low-energy collisions – than in the 
standard single giant impact scenario. However, the arguments presented above regarding the 
lack of chemical changes (e.g., volatile content and redox state) to the silicate mantle would also 
apply to the hit-and-run scenario regardless of the intensity of heating and vaporization. 
 In the hit-and-run variation, the ejecta would primarily be accreted onto the larger-mass body, 
perhaps a proto-Venus planetary embryo. Multiple hit-and-run events are possible between a pair 
of embryos, so this variation does not require that the enhanced metal mass fraction of Mercury 
be achieved in a single event. At this time, hit-and-run scenarios have not been tested in full 
numerical simulations of terrestrial planet formation, let alone with chemistry, so the likelihood 
of a Mercury-like outcome is not known. The key issue for this hypothesis is preventing the 
smaller proto-Mercury from ultimately being accreted onto the larger body. 
 The amount of mass lost from the smaller body is extremely sensitive to the impact geometry 
and velocity. At this time, the numerical simulations of individual hit-and-run encounters have 
not yet been distilled into a simple analytic formula, which is needed for future investigation of 
this scenario in N-body simulations of planet formation. 
 
18.4.4 Collisional erosion 
 Another variation on collisional stripping of Mercury’s mantle is the accumulated effects of 
many small high-velocity impactors (Vityazev et al., 1988; Svetsov, 2011). In these scenarios, 
the impact velocities must exceed ~25 km/s in order for each collision to eject a total mass 
greater than that of the impacting body (Svetsov, 2011). For example, in order to erode a proto-
Mercury with an Earth-like core fraction to the present core mass fraction requires more than a 
Mercury mass of planetesimals impacting at ~30 km/s (Svetsov, 2011). During planet formation, 
the typical collision velocities are a factor of 1 to 3 greater than the escape velocity of the largest 
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bodies (e.g., O’Brien et al., 2006; Raymond et al., 2009). Thus typical Mars-mass embryos 
would not experience primarily erosive planetesimal bombardment. Indeed, most planetesimal 
collisions result in net accretion unless a migrating giant planet dynamically excites the system 
(Carter et al., 2015). Even if such a dynamically excited bombardment occurred, the re-accretion 
of ejecta remains an issue unless ejecta could be preferentially accreted onto other protoplanets. 
In addition, heavy bombardment of Mercury would also affect the composition of the other inner 
planets. 
 The investigations of collisional erosion of Mercury illustrate the general problem with 
invoking collisional erosion of planetary crusts to account for geochemical observations, as first 
proposed by O’Neill and Palme (2008). The required high-velocity bombardment is not 
predicted in current models of planet formation. In a giant impact, portions of both mantle and 
crust are ejected rather than all of the crust. Numerical simulations that include probable 
collision outcomes indicate that small-scale debris is continuously recycled as it is ejected and 
then re-accreted during the growth of planetary embryos (Bonsor et al., 2015; Carter et al., 
2015). Thus, collisions are not expected to permanently remove incompatible elements that are 
concentrated in planetary crusts. Indeed, Mercury does not appear to have experienced such 
removal. 
 Bulk ejection of silicate layers, and their likely re-accretion, would not chemically fractionate 
the silicate component of the planet. Thus, the observed chondritic Cl/K ratio (Evans et al., 2015) 
on Mercury does not provide a major constraint on the impact history of the planet. Venus, 
Earth, and the Moon have lower bulk Cl/K ratios than Mercury, Mars, and chondrites (see Evans 
et al., 2015). The origin of these differences among bodies is not likely to be a result of 
collisional erosion of planetary crusts. Indeed, the role of collisional erosion in the inner Solar 
System was originally motivated by Earth’s 142Nd abundances (Boyet and Carlson, 2005). These 
data have recently been reinterpreted such that no geochemical support for collisional erosion 
remains (Bouvier and Boyet, 2016; Burkhardt et al., 2016). 
 
18.5 “Orderly” processes for Mercury’s origin 
 The arguments for a “chaotic” stage of planet formation (stage 3) after the formation of 
embryos (stage 2) are strong. Such embryos would reflect the chemical conditions and dynamical 
processes in narrow radial annuli or feeding zones. The chemical signatures of planetesimals and 
embryos established during stage-2 formation would be largely scrambled during stage 3, 
remaining only as cryptic heterogeneities such as perhaps the oxygen isotopic differences among 
Earth+Moon, Mars, and Vesta (Clayton and Mayeda, 1996). However, Mercury could represent 
an embryo, a remnant of stage 2, and record in its chemical composition extreme processes 
occurring uniquely in the innermost solar nebula. Several such extreme processes have been put 
forward to explain Mercury’s anomalous density. Here we consider each in the light of 
MESSENGER results. 
 
18.5.1 “Old school” condensation 
 Following Urey (1950), Lewis (1973) stated that "the present quantitative theory for the 
composition and volatile content of Solar System bodies attributes both to one parameter alone, 
“formation temperature" (cf. Lewis, 1972, 1988). In this scenario, a hot disk of dust and gas, 
with dust concentrated in the midplane and innermost few astronomical units, cools and 
condenses solids slowly over time from the outer material toward the center (Larimer and 
Anders, 1967; Grossman and Larimer, 1974; Ebel, 2006), and those solids accrete onto the 
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planets as we see them today, with very limited mixing. The best 20
th
-century estimates for the 
bulk compositions of Venus and Mercury were derived with this assumption (Morgan and 
Anders, 1980; Lodders and Fegley, 1998). Modern theories of disk structure and evolution have 
gone well beyond such a simple picture, which is inconsistent with both the observed 
architectures of exoplanetary systems and the volatile enrichment of Mercury’s silicate fraction 
discovered by MESSENGER. Furthermore, as discussed in detail by Weidenschilling (1978), a 
temperature at which the Fe/Si ratio of solid condensates matches Mercury’s Fe/Si ratio is 
possible, but removal of nebular gas must occur within a very narrow cooling window of 10–50 
K, before significant Mg-silicate condensation (cf. Ebel, 2006, Plates 7 and 10).  
 Cameron (1985) suggested that the early Sun was sufficiently hot that the mantle of 
differentiating Mercury evaporated and was stripped by strong solar wind. Fegley and Cameron 
(1987) calculated that vaporization of ~70–80% of the silicate from an initially chondritic mantle 
would be required to match Mercury’s uncompressed density. This combined 
thermochemical/dynamical model predicts strong depletion in moderately volatile elements (K, 
Cl, S, Na) and enrichment in refractory lithophile elements (Ca, Al, Ti, Th). Both SiO2 and FeO 
become depleted in the mantle, and U would deplete relative to Th due to its propensity to form 
the gaseous oxide. This model is not supported by the MESSENGER results. 
 Morgan and Anders (1980) superposed physical processes on the original nebular 
condensates, such as preferential settling, size sorting, or ferromagnetic attraction, as well as 
thermal processing (melting, evaporation). Condensation arguments and observed K and U 
abundances were used to derive planetary compositions (Figure 18.3); however, they chose to 
use lunar values in the absence of data from Mercury. Going further, they assumed, “tenuously!” 
in their words, a mantle FeO abundance trend for the terrestrial planets that increases 
monotonically with solar distance, with Mercury pyroxenes at 5.5 wt% FeO. Results from 
MESSENGER invalidate such assumptions. 
 
18.5.2 Metal/silicate fractionation 
 Chondritic meteorites represent the oldest, undifferentiated materials formed in the Solar 
System and are thought to be the precursors of the terrestrial planets. Metal abundance is one of 
three principal components describing the variation among chondritic meteorites (Grossman, 
1988). There are numerous hints in primitive chondrites of metal fractionation from silicates 
early in Solar System history. Rare, metal-rich chondrites may record metal-silicate fractionation 
in some part of the early nebula. Iron-rich asteroids also suggest metal-silicate fractionation by 
dynamical processes. 
 
18.5.2.1 Metal-rich chondrites 
 The metal-rich Bencubbin-like (CB) and CH carbonaceous chondrites (Weisberg et al., 2001) 
have many primitive characteristics and a higher grain density, due to an abundance of metal 
grains, than uncompressed Mercury (Figure 18.1). Chondrules and metal grains in these 
chondrites have been attributed to planetesimal impact up to 5 Myr after CAI formation, the 
usually accepted “origin” time of the Solar System (Krot et al., 2005; Fedkin et al., 2015), 
although some of their compositional characteristics are difficult to reconcile with such an origin 
(e.g., their CAIs, Weisberg et al., 2016). Collisions among bodies of ordinary chondrite 
composition in a disk from which most of the H2-rich gas has been removed will recondense 
solids from oxidizing vapors, yielding FeO-rich olivine. Carbonaceous chondrite vapor is even 
more oxidizing (Ebel, 2001), so persistence of H2-rich gas in the solar nebula is required to make 
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these metal-rich meteorites in late-stage impacts. Persistence of a gas is also required to prevent 
fragmentation during chondrite accretion. These metal-rich chondrites, however, are not nearly 
as reduced as the enstatite chondrites, which contain CaS and MgS. If the CB chondrites formed 
late in Solar System history, their influence on planetary embryo compositions is likely to have 
been minimal.  
 
18.5.2.2 Asteroid cores 
 A large number of magmatic iron meteorite parent bodies are inferred from the meteorite 
record, but complementary planetesimal mantles are missing. Differential comminution by 
impacts, followed by Poynting-Robertson drag over long time periods, is the most likely 
explanation for loss of silicates, primarily to the Sun (Burbine et al., 1996). W-Hf isotopic 
chronometry shows that the differentiation of many parent bodies occurred within 1 Myr of CAI 
formation (Yang et al., 2007; Burkhardt et al., 2008; Kleine et al., 2009). Density determinations 
appear to require that many iron-rich asteroids are bound, macroscopic, metallic rubble (e.g., 216 
Kleopatra, Ostro et al., 2000; Consolmagno and Britt, 2004; Carry, 2012). The behaviors of big 
metal chunks and small, brittle mantle silicate fragments in the disk before and after gas dispersal 
would differ (Weidenschilling, 1978; section 18.5.2.3). However, the iron-rich asteroids 
represented in the meteorite record do not offer themselves as potential sources for Mercury’s 
excess metal, since they are, with few exceptions, lacking in the alloyed metallic Si typical of 
highly reduced bodies (Section 18.2.2). The oxidation states of iron meteorites are quite different 
from that inferred for Mercury, on the basis of MESSENGER observations and experiments 
(Section 18.2). 
 
18.5.2.3 Photophoresis and dynamical fractionation  
 The photophoretic effect has been explored to explain the wide variation in chondrite 
meteorite metal contents (Wurm et al., 2013) and size sorting of particles (Loesche et al., 2016). 
Photophoresis occurs when non-isotropic (e.g., Sun-derived) thermal radiation produces thermal 
gradients in millimeter-sized particles that drive those particles toward colder regions. This force 
is proportional to the temperature gradient in each particle (Krauss and Wurm, 2005). 
Differences in radial velocity relative to the Sun could separate metal, rock, and dust aggregate 
particles because metal has much higher thermal conductivity, so metal grains lack temperature 
gradients. Thus, photophoresis could have affected early collisional dust evolution and accretion 
(Loesche et al., 2016). If such effects were widespread in a particular annulus of the disk, 
resulting planetesimals could have inherited the effects of photophoresis, including metal/silicate 
fractionation (Cuzzi et al., 2008). This effect is expected to be strongest closer to the Sun. 
 Opacity is expected to be high in the midplane of a planet-forming disk, inhibiting the 
photophoretic effect. For photophoresis to work, a sufficient fraction of Mercury precursor 
material must see sufficient sunlight, and rocky grains must be forced outward, leaving an 
anomalously metal-rich feeding zone for Mercury. However, inner disk “walls” are observed in 
transition disks, which are stellar objects with substantially cleared inner disks, perhaps the result 
of planet formation (Espaillat et al., 2014), suggesting that accretion zones closest to stars could 
be affected by photophoretic separation of grains on the basis of their physical properties, e.g., 
size and porosity (McNally and McClure, 2017). Testing this hypothesis requires a model that 
addresses the chemistry of small solids in the inner disk, subject to photophoresis, and their 
accretion onto planetary precursors. 
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 An “aerodynamic fractionation” model was proposed by Weidenschilling (1978), who 
recognized that more effective removal of silicates relative to metal from a chondritic feeding 
zone could account for Mercury’s anomalous density. In the inner disk, small grains were 
entrained in the accreting gas, whereas larger grains (>1 m) in Keplerian orbits experienced a 
headwind due to the radiation pressure experienced by the gas. This gas drag caused meter-sized 
grains to drift sunward faster than the gas. Larger and/or denser boulders experienced slower 
orbital decay. Weidenschilling proposed that precursor multi-meter-size solids (boulders) with 
differing Fe/Si ratios could dynamically interact such that silicates were preferentially removed 
into the Sun by gas drag.  
 Hubbard (2014) explored a “magnetic erosion” model that combined the magnetic attraction 
of metallic grains and the differential comminution of silicates and metal by collision. He called 
on particular conditions at the outer edge of the inner disk to enhance magnetization of metal-
rich grains, thus enhancing both the collisional removal of non-magnetic silicate and the rapid 
collisional growth of large metal grains to sizes beyond the meter barrier. The magnetic field 
requirement restricts this mechanism to the inner disk. 
 All three of these models are consistent with Mercury’s anomalous density and Earth-like 
mantle abundances, and they all enrich Mercury in metal that is commonly associated with 
sulfide, consistent with Mercury’s likely S enrichment. None of these models, however, 
addresses the extremely reduced nature of Mercury. They all call on special astrophysical 
conditions in the innermost nebula, and none has been explored with fully three-dimensional 
chemical–physical models. If precursor metal is assumed to carry sulfur, then Mg-silicates and 
refractory elements might be assumed to be in large grains (chondrules, CAIs), whereas K, Na, 
and Cl would have concentrated in smaller grains, the matrix mineral dust of chondrites. 
MESSENGER results for K indicate that Mercury’s volatility curve is not steeper than Earth’s 
(Figure 18.4). The fates of the volatiles in these scenarios are difficult to predict. 
 Several recent astrophysical models have yielded results consistent with Mercury’s metal 
enrichment and reduced chemistry for disks around stars similar to the Sun. Pasek et al. (2005) 
used a two-dimensional steady-state -disk solution to yield time-temperature-pressure histories 
in the disk midplane at various solar radii along with chemistry codes to compute condensation 
fronts. With a model for diffusive transport driven by condensation fronts in the inner disk, they 
then calculated condensation histories at progressively more O-depleted inner radii. They found 
that the effects of water depletion on nebular S speciation formed reduced enstatite-chondrite-
like rocks at Mercury-like astrocentric radii. 
 Moriarty et al. (2014) applied a disk model (Chambers, 2009b) to calculate disk temperature, 
pressure, and density over time. They then calculated equilibrium chemistry at steps in time and 
radius, removing gas and dust into planetesimals growing at a prescribed rate and decoupled 
from the gas. They also accounted for the effects of radial gas movement (with perfectly coupled 
dust) on the chemical inventory. Finally, their planetesimals were input into an N-body 
simulation of late-stage planet formation. Their model produced C-rich, short-period 
planetesimals around stars with C/O ratios slightly above the solar ratio. 
 Pignatale et al. (2016) used a disk model (D’Alessio et al., 1999) to prescribe temperature and 
pressure in a two-dimensional disk and then calculated condensation under each of those 
conditions. They then applied dust-settling and radial-migration models to calculate 
redistributions of material. Their model produced sulfide- and enstatite-rich zones within 1 AU 
of the young Sun. Although feedback between chemistry and dynamics is highly limited or 
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missing from efforts to date to couple chemistry and dynamics, model results consistently predict 
reduced, metal-enriched inner disks, the probable feeding zone for planet Mercury. 
 
18.5.2.4 C-rich condensation 
 The gross separation of inner volatile-poor planets and outer volatile-rich planets immediately 
suggests a “snow line,” a complex time-dependent surface inside of which water remained in the 
vapor phase. In the presence of free oxygen, a similar “C-line” would have marked the locus 
inside of which graphite would have oxidized to CO and CO2. The time–temperature and oxygen 
distribution history of the inner disk are not known, nor is the time-dependent accretion flux of 
interstellar material onto the innermost disk well quantified. The balance between C and O as 
functions of time and radius in the terrestrial planet-forming region may, therefore, have been 
quite heterogeneous. Ebel and Alexander (2011) investigated the consequences of carbon 
enrichment and oxygen depletion on the stability of minerals in a cooling H2-rich vapor. They 
noted that the most abundant interplanetary dust particles (IDPs) in the present Solar System are 
50–1000 m sized, anhydrous, porous, chondritic “C-IDPs.” The C-IDPs are aggregates 
containing highly primitive submicrometer silicates, metal, sulfide and presolar grains all 
attached together by poorly graphitized carbon (Messenger et al., 2003; Busemann et al., 2009; 
Bradley, 2014). Their original C content has been diminished by pre-capture stratospheric entry.  
 Ebel and Alexander (2011) explored the consequences of equilibrium condensation in systems 
enriched in a C-enriched, O-depleted analog C-IDP dust. At high (1000) enrichments in such a 
dust (relative to H2), condensates at 1650 K (at 10 Pa total pressure) have atomic Fe/Si reaching 
50% of the estimate for bulk Mercury, because Si remains in the vapor to low temperatures (< 
1000 K) as SiS(gas). Sulfur behaves as a more refractory element in this reducing system than in 
systems enriched in chondritic dust (Ebel and Grossman, 2000), stable minerals are FeO-poor, 
and the minerals stable at high temperature include CaS and MgS. These results reproduce 
mineralogical and petrological characteristics of enstatite chondrites.  These calculations suggest 
that enrichment of an anhydrous chondritic dust, with variation in O/C ratios by O depletion, can 
produce environments in which highly reduced, high Fe/Si condensate assemblages are stable 
above 1200 K. If such condensates were isolated from the gas phase, they could have formed 
enstatite chondrite parent planetesimals, which could then have accumulated to form Mercury-
like planets. 
 In follow-up work, Ebel and Sack (2013) computed the stability of djerfisherite, 
K6(Fe,Ni,Cu)25S26Cl, in similar C-IDP dust-enriched systems. Comparison with djerfisherite 
occurrences in EH3 enstatite chondrites allowed them to conclude that both K and Cl, as well as 
S, can behave as refractory elements under the hypothesized nebular conditions. 
 This line of reasoning relies on the assumption that C-rich silicate dust could reach the inner 
Solar System well inside the evaporation radius of more oxidized material. There are other hints 
at such chemical gradients, but all are cryptic. Initial enrichment of Mercury in elemental carbon 
would provide both a light element in the core (in addition to S and Si) and an explanation for 
Mercury’s low spectral reflectance (Vander Kaaden and McCubbin, 2015; Peplowski et al., 
2016). 
 
18.6 Bearing on extrasolar planets 
 We are entering the third decade of a revolution in the observation and theoretical 
understanding of extrasolar planets. One of the critical questions regards the relationship 
between observed high-mass inner planets, “super-Earths,” and the terrestrial planets in our own 
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Solar System (Batalha et al., 2011; Morbidelli and Raymond, 2016). Wagner et al. (2011; cf. 
Dressing and Charbonneau, 2015; Zeng et al., 2016) calculated radii R/RE and masses M/ME for 
hypothetical, fully differentiated, thermally equilibrated Earth-like (32.5 wt% iron core, 67.5% 
silicate mantle), Mercury-like (70% core, 30% silicate), and Ganymede-like (6.5% core, 48.5% 
silicate, 45% water ice) planets (Figure 18.5), where ME is Earth’s mass and RE is Earth’s radius. 
These curves are illustrated in Figure 18.5 and compared with inferred properties of a subset of 
planets discovered up to early 2016. 
 The difficulty of estimating exoplanet mass and size is illustrated by the exoplanets that plot 
below the low-mass extension of the metal sphere mass-radius curve of Wagner et al. (2011) in 
Figure 18.5. The observational bias and the large uncertainties in data even for transiting planets 
make comparisons with our terrestrial planets premature. Marcus et al. (2010a) estimated the 
maximum amount of mantle material that could be removed from a planet by a single giant 
impact. This minimum radius is widely used as a lower limit on the radius of rocky exoplanets 
because pure-iron planets are unlikely. Planets with densities indicative of high metal core 
fractions are at the lower edge of the range of planet sizes and orbital periods explored by the 
Kepler mission (Borucki, 2016), but the abundance of Mercury analogs in the existing data (e.g., 
Barclay et al., 2013; Chen and Kipping, 2016) suggests that they are a natural outcome of 
dynamical–cosmochemical processes in protoplanetary disks. 
 
18.7 Summary 
 
18.7.1 “Chaotic” models 
 The origin of Mercury remains elusive. The MESSENGER mission has provided strong 
constraints on potential models, but models to date lack the detail to be tested against the 
observations. Here, we summarize the major models and their current challenges. Three 
dynamical-impact-related or “chaotic” models (section 18.2.1) have been considered: 
 A single giant impact onto proto-Mercury: The energy required for a single event falls in the 
expected range of planet formation. The primary challenge lies in the expected re-accretion 
of debris. The orbits of the ejected silicates must be dynamically separated from the post-
collision Mercury. 
 A hit-and-run with proto-Mercury as the smaller body: This type of encounter is expected to 
be common during stage 3 of planet formation. Preferential accretion of debris onto the 
larger body is possible but has not yet been investigated quantitatively. The model demands 
that the post-impact Mercury not also be accreted onto the larger body, which may require 
special circumstances such as dynamical ejection out of the zone of planet formation. 
 Multiple impact scenarios: Current models for terrestrial planet formation do not predict a 
bombardment of small planetesimals with sufficient energy to remove Mercury’s mantle if it 
began with a chondritic bulk composition. A mixture of small and large impacts may produce 
a range of final core mass fractions, but the limited simulations conducted so far have not 
produced core enhancements as large as observed on Mercury. 
 
 All such models of the inner Solar System have fallen short of directly addressing the origin 
of Mercury. Future detailed calculations of terrestrial planet formation will be able to address the 
plausible range of final core mass fractions during collisional accretion and evolution of planets. 
Combined with chemical models of the growing planet, such studies will also be able to address 
the origin of Mercury’s extremely reduced mantle and range of possible core compositions, 
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constrained by experimental petrology. At present, there are no obvious geochemical tests of the 
collisional origin hypotheses. Current geochemical observations from all the terrestrial planets 
and physical studies of collisional accretion do not support earlier suggestions that collisions 
should preferentially remove moderately volatile elements or incompatible elements.  
 
18.7.2 “Orderly” models 
“Orderly” processes (Section 18.2.1) perhaps fare better than “chaotic processes” in approaching 
explanations for Mercury’s origin. MESSENGER findings definitively refute previous models in 
which only the most refractory elements condense and accrete to form Mercury from a vapor of 
solar composition in the hot innermost part of the protoplanetary disk (e.g., Section 18.2.3; 
Morgan and Anders, 1980). MESSENGER results also refute early hypotheses of direct 
evaporation of silicates from proto-Mercury by an energetic young Sun. Such a process would 
rapidly deplete Mercury in many moderately volatile elements, including Si and Mg. The Si-poor 
metal in most metal-rich chondritic or iron-rich asteroidal material and the measurable FeO in 
silicates in most chondrites eliminate their potential role as major precursors to highly reduced 
Mercury. Only a very tiny fraction of Solar System materials in the meteorite record, the EH 
chondrites, have experienced reducing conditions similar to Mercury’s. 
 Dynamical models in the context of a disk in which composition, temperature, and density 
vary smoothly with heliocentric radius offer another route to chemical fractionation close to the 
Sun. Although photophoresis models are not sufficiently mature to produce Mercury’s density 
and redox anomalies, they do separate metal from silicate, particularly in the innermost disk. 
Aerodynamic fractionation of Fe-rich “boulders” from smaller, brittle silicates and preferential 
removal of non-magnetic silicates by “magnetic erosion” are both consistent with Mercury’s 
anomalous density, but neither model appears to address the highly reduced chemistry of 
Mercury. 
 The possibility that the inner region of the disk was carbon-rich allows consideration of 
processes that could yield Mercury-producing scenarios. Condensation in C-rich, O-poor systems 
has been explored with very conservative parameters, yielding enstatite chondrite condensates 
(Ebel and Alexander, 2011). This parameter space might yield condensates with high Fe/Si at 
high temperatures. There is strong evidence for the volatility-controlled accretion of solids onto 
various chondrites and the planets. A scenario of high C/O condensation would require a 
dynamical argument for accretion of high Fe/Si solids at the high temperatures at which Si 
remains in the vapor phase. A successful model describing the physical chemistry of the inner 
disk must address radiative transfer, chemistry–opacity feedbacks, and active mass transfer 
among vapor, liquid, and solid phases. 
 
18.8 Conclusion 
 
 MESSENGER confirmed the anomalous bulk Fe/Mg ratio and anomalously reduced nature of 
Mercury and demonstrated that the abundances of moderately volatile elements are consistent 
across the terrestrial planets and asteroids. These findings indicate that these bodies record disk 
processing rather than special circumstances of individual planets. Models that focus on 
terrestrial planet formation do not commonly produce Mercury-like planets. However, the EH 
chondrites offer a way forward in understanding how gradual processes in the innermost disk 
might have produced a small, reduced, Fe- and probably Si-rich planet. 
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 It is plausible that the present state of Mercury is the sum of several processes at work during 
planet accretion. None of the proposed formation models can explain all of the observations, and 
all suffer from our lack of information about the chemical, thermal, and dynamical conditions at 
the inner edge of the protoplanetary disk. Increasingly detailed astronomical observations of 
protoplanetary disks and other planetary systems will aid development of more detailed planet 
formation theories. Such theories must be informed by better coupling of physical and 
geochemical processes in models of inner disk processes. Whether Mercury requires a special 
circumstance to account for its unique properties remains to be answered.  
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